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A simplified method for the calculation of molecular correlation energies, 
developed previously, is applied to the study of the potential energy hypersur- 
face related to the reaction 02 + H --> HO2 --> OH + O. The main parameters 
that characterize the topology of the surface have been determined: the 
equilibrium geometries and vibrational frequencies of HO2 and of its dissoci- 
ation products, the dissociation energies, the energy gap between the dissoci- 
ation limits, the geometry of an activated complex, and the corresponding 
potential barrier height. The particular importance of including the correla- 
tion energy is discussed for each of the calculated parameters. In spite of the 
minimal computational effort required, the results are in good agreement 
with the experimental data on the one hand, and with the results proceeding 
from elaborate variational calculations on the other hand. Moreover the 
controverted existence of a potential barrier (0.19 eV) along the O2+H--> 
HOE recombination path is discussed. 

Key words: Hydroperoxyl radical-Potential energy surface-Molecular corre- 
lation energy. 

1. Introduction 

The reaction: 

0 3 -- ~ "-> H(2S) + 2(Y~g) HO2(2A ") OH(2II) + O(3P) 
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plays an important  role in combustion studies [1] and in atmospheric chemistry 
[2] since it produces the particularly reactive radical OH. 

The intermediate species HO2 has been the object of several theoretical studies 
around its ground state equilibrium geometry [3] but, to our knowledge, only 
three studies [4] have been devoted to the calculation of the potential energy 
surface relative to the reaction mentioned above. One of the most outstanding 
points of these studies is the controversy concerning the eventual existence of 
an activation barrier along the H + 02 recombination path. 

The purpose of this work is not to calculate a complete correlated potential 
surface, but rather to test the ability of reproducing the main features of this 
surface by using an economical method for molecular correlation energy calcula- 
tions developed previously [5, 6, 7]. In this context, we will be interested to 
compute accurately equilibrium geometries and vibrational frequencies of the 
intermediate radical on the one hand and of its dissociation products on the 
other hand. Geometr ies  of the activated complex, dissociation and activation 
energies will also receive particular attention. Such a method could be of great 
interest in view of computing economically whole potential energy surfaces to 
be used in classical trajectory computations. 

2. Methods of Calculation 

2.1. Zeroth-Order Wavefunction 

The first requirement  of the method used here is to define a zeroth-order  
wavefunction which ensures a proper  description of the correct Wigner-Witmer 
dissociation fragments. This function may be constructed from the data of Table 
1, where the orbitals of HO2 are correlated to those of the dissociation products. 
The axes convention adopted for HO2 is presented in Fig. 1. 

Table 1. Correlation between HO2 and its dissociation products 

HO2 la' 2a' 3a' 4a' 5a' 6a' 7a' 8a' la" 2a" 

O2+H lO'g l~r u 2o-g 2o'u 3~rg lzr~ 1~'~ ls l~r u l~'g 
OH+O lo- ls 2o- 2s 3o- 2py 2pz lcr lrr 2p~ 

Y 

0 2 " ~  ~ Z 

o H 

Fig. 1. Axis convention for H02 
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It can first be shown that the SCF configuration of HO2: 

Conf. (A): (1-6)a'21a"27a'22a" 

gives rise to the improper ionic products O 2 + H  + and O H + + O  -. It is thus 
necessary to form a multiconfigurational zeroth-order  wavefunction which com- 
bines Conf. (A) with the configurations corresponding to the proper  dissociation 
limits 02 + H and OH + O. These configurations can directly be deduced from 
the ground state SCF configurations of the dissociation products (C, symmetry 
group): 

Conf. (Oz(3Yg): 2 2 2 2 2 4 r ,t lo-glo-,2o-g2o-,3o-gl'n-,l'n-g(a )l,n'g(a ) 

Conf. (H(zS)): l s (a ' )  

Conf. (OH(2II)): lo'22G23o'21~'Z(a")llr(a') 

Conf. (O(3p): ls22s22p2(a')2p(a')2p(a ") 

The result is that the same configuration: 

Conf. (B): (1-6)a'21a"Z7a'8a'2a " 

describes both dissociation channels. 

Moreover,  as in the case of the dissociation of O H  [8] and HCN [7] the addition 
of a third configuration: 

Conf. (C): (1-6)a'21a"Z8a'Z2a" 

should improve the description of the zeroth-order  wavefunction at intermediate 
internuclear separations by ensuring a smooth change from Conf. (A) to Conf. (B) 
along the dissociation coordinate. It is important  to note here that the use of a 
deficient configuration expansion in these intermediate regions can produce 
artificial potential energy barriers that could be falsely interpreted as activation 
barriers. Figure 2 illustrates the variation of the relative contributions to the 

C2 I I I ! I I I I r 

o 7a'  
CI 8a  ~2 / "  

.8 a 7a'8 a'  t '  

/i/ Ill/ 

.0 

I ] [ l I r I R l~  
2 3 4 5 6 7 8 9 10 

Fig,  2.  S q u a r e  m o d u l u s  o f  t h e  M C S C F  coe f f i c i en t s  of  t h e  z e r o t h - o r d e r  w a v e f u n c t i o n  (bas is  se t  

STO-3G) as a function of the ROll dissociative coordinate. Cross section in the potential surface 
with Roo = 2.21 a.u. and O = 104 ~ 
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zeroth-order  wavefunction of the three configurations in a cross-section of the 
potential  hypersurface along the O H  dissociation coordinate. 

2.2. Correlation Energy Calculations 

The simplified method for the  molecular correlation energy calculations used in 
this work has been developed elsewhere [7]. It is inspired f rom the partitioning 
of Sinanoglu et al [9, 10] who define different types of excitations with respect 
to a particular subspace (the "Har t ree -Fock  sea") shown equivalent to the 
"valence orbital space" in a molecular context defined in the complete  orbital 
space. These excitations generated f rom the zeroth-order  wavefunction are 
limited to the first order of perturbat ion (i.e. the biexcitations). The three types 
of contributions are: 

(1) the internal correlation energy corresponding to biexcitations within the 
valence space. 
(2) the semi-internal  correlation energy represented by one excitation within 
and the other outside the valence space 
(3) the all-external correlation energy corresponding to pair excitations outside 
the valence space. 

In this context, we have proposed earlier to evaluate the correlation energy by 
performing two separate  calculations: the first for the internal correlation energy 

N I  
(E~oRR) and the second one for the non-internal correlation energy (EcogR) 
which regroups the semi-internal and all-external contributions. The internal 
part  will be t reated variationally while the non-internal  part  will be evaluated 
by a semi-empirical  "a toms- in-molecule"  method.  This choice can be justified 
by the fact that if variational calculations can be achieved for the internal 
correlation, it is not true for the non-internal part  as a consequence of the 
necessary limitations imposed to the size of the configurational and basis set 
spaces. 

2.2.1 Internal Correlation Energy. MCSCF calculations per formed with the com- 
plete internal configuration space become rapidly out of hand when the molecular 
size increases. That  is why the validity of an alternative two step M C ,  (ext)/CI(ext) 
procedure  1 has been tested [7]. The total energies obtained in this way converge 
rapidly with the number  of configurations n included in the first step (MCSCF 
calculation). In fact the rapidity of this convergence allows one to conclude that 
a satisfactory approximation is to limit the MCSCF expansion to the zero th-order  
wavefunction; the remaining internal correlation energy is then evaluated in the 
second step (CI calculation). 

A second approximation to the above procedure  consists in substituting a minimal 
basis set to the extended set for the CI calculation; this approximation was also 
extensively tested previously [7] and shown to give reliable results. 

1 This procedure consists in performing in a first step an MCSCF calculation with a configurational 
space limited to n components and in a second step a CI calculation on the complete internal space 
with the optimized orbitals arising from the frst step. The "ext" notation specifies that the same 
extended basis set has been used at the two levels of the procedure. 
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It is this latter method that is used in the present calculations, and thus the 
two-step procedure will henceforth be denoted MC0(ext)/CI(min). 

2.2.2. Non-internal Correlation Energy. The basic idea of the "atoms-in- 
molecule" method is to express t he  molecular non-internal correlation energy 
as a weighted sum of atomic non-internal correlation energies which are known 
semi-empirically through Hartree-Fock-Dirac calculations [11] performed on a 
set of atomic and ionic configurations. Two distinct approaches have been 
developed to operate the decomposition of the molecular structure: 

(1) a population analysis approach [5,6] 
(2) a L C A O  expansion approach [7]. 

The second one is well adapted to the present study which requires as mentioned 
above the use of a multiconfigurational zeroth-order wavefunction. This approach 
consists in an expansion of this function into a linear combination of atomic 
determinants using the L C A O  and MCSCF coefficients to derive the expansion 
coefficients. Each atomic determinant corresponding to a neutral or ionic 
configuration of a constituting atom A may be expanded in terms of LS eigenfunc- 
tions {F(A)} arising from the considered configuration of this atom. It may be 
shown that the molecular non-internal correlation energy is then given by: 

2 N I  
~ib i~,A ECORR (Fi(A)) N I  

EcoR~ ( M O L ) -  E,b~ 

where the normalization factor is imposed by the neglect of coupling between 
the atomic determinants. 

2.3. Comparison wtih Other Theoretical Work 

Table 2 gives a summary of the main features of the present calculations as well 
as those of other work on this system. It appears from these data that the method 
used here requires minimal computational efforts as compared to the other 
elaborate calculations. 

Table 2. Comparison of theoretical methods 

Size of Size of Size of 
Reference Basis set MCSCF space a CI reference space a CI space a 

L.J. [4] (4s2p ldl3s lp) / 30 10 000 b'c 
M.B. [4] (4s2pldl2slp) 20 54 2 292 b 
D.W.G. [4] (3s3pldI2slp) / 30 322 d 

/ 30 11 670 ~ 
This work (3s2p ldl2s lp) 3 / / 

(2slplls) 3 3 120 

a Number of CSF'S. 
b Mono- and biexcitations with respect to the reference space. 
~ Dimension of the resulting hamiltonian matrices. 
a GVB-CI calculation. 

POL-CI calculation. 
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2.4. Computer Programs 

1. The MCSCF program ALIS written by Ruedenberg et al. [12] 
2. The CI program of Whitten et al. [13] 
2. The non-internal correlation energy program written by J. Breulet. 

2.5. Basis Sets 

Two well-known basis sets are used: 

1. the double zeta plus polarization 6-31G** basis set [14] 
2. the minimal STO-3G basis set [15]. 

3. Results and Discussion 

3.1. Basis Set Improvements 

As a starting point to this study we have tested the adequacy of the 6-31G** 
basis set scale factors to reproduce at the zeroth-order level of calculation (refered 
to as MC0(6-31G**)) correct energy differences between the two dissociation 
channels on the one hand and between HOE and these channels on the other 
hand. Preliminary tests showed that the scale factor corresponding to the outer 
part of the sp shell of the oxygen atoms had to be considered only because of 
its high sensitivity to the chemical neighbourhood. The standard value proposed 
in the literature [16] for this scale factor is 0.98, which was established by 
optimization on the CH20 and H20 systems. This value is in fact too large for 
the OH radical (optimal value: 0.97) and too small for O2, O and HO2 (optimal 
values: 1.00, 0.99 and 0.99 respectively) 2. Several tests have shown that an 
adjustment of this scale factor to a value of 1.03 gives a better balance in the 
energies of the different partners. This improvement can be illustrated by the 
following comparison relative to the energy difference AE between the two 
dissociation limits 02+  H and O H +  O: 

AE(B 1) = -1 .86 eV 
AE(B2) = -1 .58 eV 
AE(HF) = -1 .58  eV 

where B 1 and B2 refer respectively to the standard and modified scale factor 
of the 6-31G** basis set, and HF to the result obtained by using estimated 
Hartree-Fock energies 3 (see Ref. 17, 18 and 19 for 02, OH and O). It can be 
pointed out however that these near Hartree-Fock results are in complete 
disagreement with the experimental value hE  = +0.6 eV. The reason for that 
is obviously the lack of correlation energy. The same comparison is unfortunately 
impossible for the energy of HO2 for which no "Hartree-Fock" energy is 
available in the literature. However the use of the modified basis set instead of 

2 The  optimal values were obtained using SCF calculations. 
3 The  MCo energies of the dissociation limits can be compared to H.F. energies as a consequence of the 
definition of the zeroth-order  wavefunction (see Section 2.1). 
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the standard one does not affect the energy of HO2 at its equilibrium geometry 
to a large extent ( -  0.1 eV). 

3.2. Equilibrium Geometries and Vibrational Frequencies 

The calculated results obtained for the parameters which characterize the poten- 
tial energy surface in the vicinity of the HO2 equilibrium geometry and of the 
two dissociation limits are collected in Table 3. Three levels of approximation 
are considered: 

(1) MCo(6-31G**): zeroth-order wavefunction calculation 
(2) MC0(6-31G**)/CI(STO-3G): inclusion of the internal correlation energy 
(3) MC0(6-31G**)/CI(STO-3G)+NI: inclusion of the non-internal correlation 
energy leading to total energies. 

The equilibrium geometries and vibrational frequencies given in Table 3 have 
been derived from a quadratic expression of the potential energy. For HO2, 
coupling terms have been introduced in the analytical function. It must be pointed 
out that the lack of anharmonic terms gives the well-known result that the 
vibrational frequencies are over-estimated. Pulay et al. [20] have shown that 
empirical corrections performed on the diagonal force constants (10 % for stretch- 
ing modes and 20% for bending modes) give a reasonable order of magnitude 
for these anharmonicity corrections. Calculated frequencies taking these correc- 
tions into account are given in parentheses in Table 3. Furthermore, it is important 
to note that the very simple model used here to fit the potential function may 
be sensitive to the choice of the calculated points around the minimum. On the 
basis of earlier tests [7], we estimate the numerical accuracy of the fitting to be 
about 100 cm -1. It appears from Table 3 that the incidence of the inclusion of 
correlation energy on the results is quite different for HOz than for the dissoci- 
ation fragments. Mainly the addition of internal correlation gives rise to the 
following effects: 

(1) a large increase (-0.1 a.u.) of the bond lengths for Oz and OH, but only a 
slight change (<0.03 a.u.) for HO2 
(2) a decrease of the vibration frequencies for 02 and OH and a large increase 
for HO2 

These differences can be explained by the fact that the zeroth-order wavefunction 
has been constructed (see section 2.1) to ensure proper dissociation of HO2 into 
02 + H and OH + O but not to describe the processes O2-~ 20  or OH-* O + H. 
It follows that the MC0 calculations performed on 02 and OH correspond in 
fact to purely SCF calculations leading to improper ionic dissociation limits for 
these species and therefore the well-known shortcomings of this level of approxi- 
mation are observed, i.e. too short equilibrium distances and too large frequen- 
cies. The addition of the CI contributions to the MCo curves stabilizes more 
significantly the dissociation limits than the minima of the curves: indeed these 
contributions not only include the internal correlation energy of 02 and OH but 
also, at large distances, correct their dissociation limits to proper neutral products. 
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As a consequence an important flattening of the potential curves is observed 
with a corresponding decrease of the calculated frequencies and an increase of 
the distances. 

For HO2 a quite different situation occurs because the potential surface is already 
flattened at the MC0 level of calculation. Therefore the inclusion of the CI 
increments contributes only to internal correlation with larger energy contribu- 
tions at the shorter internuclear distances than at the larger ones. This explains 
the large increase observed in the calculated frequencies. The small changes 
observed for the equilibrium distances can be attributed to the presence of a 
maximum in the CI energy contribution near the minimum of the MC0 potential 
surface. 

We note, moreover, that the HOO angle value seems to be independent of the 
correlation effects. 

Comparison of our calculated results with the corresponding experimental data 
shows that the equilibrium geometries agree quite well, with discrepancies of 
about 0.04 a.u. for the distances and 1 ~ for the HOO angle. The agreement is 
not so good for the frequencies for which we register an over-estimate of about 
10% for the values corrected for anharmonicity deformations. However, in view 
of the simple model used here, this agreement may be considered as satisfactory. 

On the whole our results are also in agreement with those proceeding from other 
theoretical work (see Section 2.3). 

3.3. Energy Differences 

We report in Table 4 the calculated dissociation energies of H O 2  and the energy 
difference AE between the two dissociation channels together with the corre- 
sponding results found in the literature. The effect of the progressive inclusion 
of correlation energy on the calculated energies is particularly spectacular. This 
evolution is illustrated in Fig. 3. It can be seen that a factor of two is observed 
between the MC0 and MC0/CI results for the dissociation energies and that 
the sign of the AE value changes with the inclusion of the internal correlation 
energy. The results calculated at the MCo/CI + NI level are found to be in good 
agreement with the corresponding experimental values with discrepancies of 

Table 4. Energy differences a (in eV) 

D.W.G. b 

Process MCo MCo/CI M C o / C I + N I  MB b POL-CI GVB-CI exp. c 

H O 2 ~ O H + O  0.98 1.97 2.22 2.58 - -  - -  2.88:t:0.09 
H O a ~ O / + H  2.56 1.38 1.79 2.2 1.83 1.74 2 .24+0.09 

O z + H ~ O H + O  -1 .58  0.59 0.43 0.38 - -  - -  0.62 

a De values. 
b Other work calculated results; see Table 2 for a description of these calculations. 
c Values calculated by means of thermochemical cycle[23] and corrected for zero point energies [23] 
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Fig. 3. Evolution of the dissociation energies relative to 
the dissociation channels O 2 + H  and O H + O  and the 
energy difference between these channels as a function 
of the progressive inclusion of correlation energy 

~ 2 5 % ,  which is the same order of accuracy as that previously observed [7] for 
similar systems. Also, our results agree with the values of D.W.G. for the H - - O 2  
bond energy and with the value of M.B. for AE. However,  the elaborate 
calculations of M.B. give superior results for both dissociation energies. 

3.4. Incoming Channel H + 0 2  "~ HO2 

In this section, we present exploratory calculations performed along the H +  
02 ~ HO2 channel to discuss the presence of a potential barrier along this path. 
Previous calculations of both M.B. and D.W.G. predict the existence of such a 
barrier, although those of L.J. contest this feature. We localized the top of the 
barrier in two steps. In a first step, a cross section through the potential surface 
was performed with fixed values for O an R o o  in order to determine the Rol l  
distance corresponding to the maximum of the barrier. The fixed values for | 
and R o o  are the equilibrium values in HO2 and 02 respectively, i.e. | = 104 ~ 
and R o o - -  2.212 a.u. The curves that result from this cross section at the three 
characteristic levels of approximation are shown in Fig. 4. It appears that a quite 
small potential barrier ( - 0 . 0 6  e V )  4 is encountered at the MC0 level of calculation. 
A more consequent barrier ( - . 4 7  eV) 4 is induced by the inclusion of internal 
correlation energy and the non-internal  correlation reduces its height to 
--0.35 e V .  4 

4 These values correspond to the energy difference between the maximum of the potential curve along 
the considered cross section and the products at their equilibrium geometry. 
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Fig. 4. Cross-section through the potential surface 0.0 
at fixed values of the parameters |  104 ~ and 
R o o  = 2.212 a.u. The zero of the energy scale is fixed 
to the point at Rol l  = 4.0 a.u. for the three curves: -2.0 
squares refer to MCo calculations triangles to MCo/CI 
and circles to MCo/CI + NI calculations 3.0 

AE(10-3 a.u 1, ) I I 

~ - ~  D MCo 
MCo/CI 

I R~ 
3.25 3.5 3.75 4.0 

In a second step, the geometry of the activated complex was determined at the 
different levels of approximation by an optimization of the O and Roo parameters 
at the Roll distances determined in first step. The results of this optimization, 
derived from a coupled quadratic expression of the energy, are listed in Table 
5 together with the resulting barrier height E e. It can be seen that the barrier 
has disappeared at the MC0 step. This conclusion is in agreement with the 
discussion presented in Sect 2.1 about the choice of the MC0 configuration 
components. In fact together with a monotonic variation of the energy along 
the dissociation coordinate we observe as illustrated in Fig. 5, a parallel 
monotonic evolution of the 7a' and 8a' occupation numbers along this path. 

Oppositely, the geometry optimization reduces but does not suppress the poten- 
tial barrier at the MC0/CI level of calculation. The same conclusion holds at 
the MC0/CI + NI level, leading to the final result of a barrier height of 0.19 eV. 
This value is in agreement with the GVB/CI result of D.W.G. and with the 
elaborate MC/CI result of M.B. The geometries found for the activated complex 
agree also with those obtained by these authors, except perhaps that a larger 
difference is observed for the Roll distance. 

Table 5. Potential barrier along the recombination path 02 + H ~ HO2 

D . W . G .  

Parameter a MC0 MC0/CI M C o / C I + N I  M.B. POL-CI GBV-CI 

E e 0.0 0.29 0.19 - 0 . 1  -0 .013  ~<0.13 
| - -  126 125 - 120 1 1 7 . 8  1 1 6  

R ~ o  - -  2.28 2.28 2.33 2.33 2.33 
R~)H - -  --3.0 3.25 3.76 4.0 3.3 

a Barrier height in eV, angle | in degrees, distances in a.u. 



206 J.-Y. Metz and J. Lievin 

1.5 

.5 

occ. nurdber 
.~t.) 

I I I 

..__.__,,.----~ - 

I t 
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Fig. 5. Variation of the occupation numbers of the 7a '  and 8a '  orbitals in the MCo(STO-3G) 
wavefunction along the Rol l  dissociation coordinate in a cross-section through the potential surface 

(Roo  = 2.212 a.u. and | = 104 ~ 

Obviously, the presence of a potential barrier in our calculated hypersurface 
could result from a deficiency in the configuration expansion, as it was also 
possible for the previous calculations. However, the agreement encountered 
suggests that the eventual calculation artefacts are not amplified by using the 
economical method used here. 

4. Conclusion 

In this work we have applied an economical method developed recently for 
molecular correlation energy calculations to the determination of a potential 
energy surface. The 02 + H-~ HO2-~ OH + O system has proved to be an attrac- 
tive system for his application. Indeed, it has been found that the shape of this 
hypersurface was very sensitive to the correlation effects. We have thus been 
interested in reproducing as accurately as possible the main parameters that 
characterize the topology of the surface, i.e. equilibrium geometries and vibra- 
tional frequencies of products, reactants and reaction intermediate, dissociation 
energies, energy gap between dissociation channels, geometry at the top of the 
hypothetical potential barrier and the corresponding activation energy. For each 
of these parameters, the changes in the calculated results with the progressive 
inclusion of the correlation energy has been discussed. The adjustment of basis 
set scale factors to ensure a balanced description of the different partners has 
also retained our attention. 

The results have been found to be in good agreement with the available experi- 
mental data on the one hand and with the results proceeding from previous 
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e l a b o r a t e  v a r i a t i o n a l  c a l c u l a t i o n s  on  t h e  o t h e r  h a n d .  T h e  d i s c r e p a n c i e s  a r e  a b o u t  

1 ~ fo r  t h e  angles ,  ~<0.05 a.u.  fo r  t h e  d i s t ances ,  1 0 %  for  t h e  f r e q u e n c i e s  a n d  

w i t h i n  a r a n g e  of  0.1 to  0 .7  e V  for  t h e  e n e r g y  d i f f e r ences .  

W e  t h i n k  tha t  such  a m e t h o d ,  m o r e  e c o n o m i c a l  t h a n  p u r e l y  v a r i a t i o n a l  

a p p r o a c h e s ,  g ives  r e l i a b l e  r e su l t s  a n d  can  p r o v i d e  an  a l t e r n a t i v e  w a y  to  c a l c u l a t e  

w i t h  u se fu l  a c c u r a c y  p o t e n t i a l  e n e r g y  sur faces .  
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